Introduction 70
The ecological effects of climate warming are manifested through multiple interacting 71 physical, chemical and biological mechanisms ( is known about their host-parasite interactions. While Daphnia often dominate zooplankton 92 were reported to occur during the summer months of particularly warm years and were believed 116 to be at least partially temperature-related (Kozhov 1963; Afanasyeva 1977) . Despite the 117 potentially important effect of this parasite on E. baikalensis, no published detailed experimental 118 or field studies have been conducted on the interactions between E. baikalensis and Saprolegnia. 119
The main objectives of this study were to assess the effects of temperature and parasite 120 infection on an endemic dominant species in one of the world's largest lakes and, more 121 generally, to contribute to improved understanding of the impacts of climate change on the 122 ecology of zooplankton in cold pelagic ecosystems. To achieve these objectives, we used lab 123 experiments to assess the individual and combined responses of E. baikalensis and their 124 oomycete parasite to a range of environmentally-relevant temperatures. Results of experiments 125 were used to parameterize a population model that examined how different realistic temperature 126 scenarios may affect E. baikalensis in open Lake Baikal and some of its warm bays and whether 127 diel vertical migration (DVM) can offer E. baikalensis a thermal refuge during warm summer 128 months. Long-term monitoring data were used to assess whether our population models 129 produced realistic patterns of E. baikalensis abundance and parasite infection. We tested 5 130
Methods 139
Study system 140 Lake Baikal: Lake Baikal is located in Central Siberia and spans 600 km along its longest 141 axis ( Fig. S1 ). Due to the cold regional climate, Lake Baikal is frozen for up to 5 months of the 142
year (January-May). The lake's upper 300-m water layer is dimictic with a relatively short 143 stratified summer season. Surface waters warm above 4°C around late June and cool below that 144 temperature around mid-November, although stratification is typically unstable during early 145 summer and fall, with large-scale hypolimnetic upwelling events occurring throughout the 146 summer (Kozhov 1963) . In the open lake, surface temperatures seldom exceed 15°C and the 147 depth of the warm surface mixed layer is typically less than 30 m. The bays of the lake (Fig. S1 ) 148 warm rapidly after ice-off in May, remain stratified for much longer than open Baikal, and reach 149 higher summer surface temperatures (up to 20-26°C) compared to the offshore. 150
Epischura baikalensis: As the dominant pelagic consumer in Lake Baikal, E. baikalensis 151 represents a key energy link in the food web of the lake (Yoshii et al. 1999 ; Moore et al. 2019) . 152 E. baikalensis completes two generations per year in Lake Baikal: a winter and a summer 153 generation (Afanasyeva 1977) . The nauplii of the winter generation hatch in late-fall through 154 early winter and reach sexual maturity over ca. 180 days. The adults of the winter generation 155
give rise to a summer generation, the nauplii of which hatch in July and mature over ca. 90 days, 156 beginning to reproduce in the fall. Sexually mature E. baikalensis females can produce up to 10 157 egg sacks during their lifetime, with an average of 22 eggs per egg sack (Afanasyeva 1977) . The 158 interval between egg sacks is ca. 10 days for females of the winter generation (which reproduce 159 in the summer) and ca. 20 days for females of the summer generation (which reproduce in late 160 fall and winter). The majority of E. baikalensis individuals are found in the top 250 m layer of 161 the water column throughout the year. During summer stratification, individuals of all ages 162 perform diel vertical migration (DVM), with much of the population spending parts of the night 163 in the epilimnion and descending below the thermocline during the day (Afanasyeva 1977 Lab experiments were conducted to determine the effect of temperature on the growth of 189
Saprolegnia "Strain A" on agar at 5, 10, 15, 20 and 25°C. To initiate the experiment, 5-mm 190 circular plugs of agar and mycelia were cut from fully colonized Sabourad agar plates and placed 191 in the center of fresh Sabourad agar plates; 3 replicate plates were used for each temperature. 192
Plates were incubated at a 12:12 hour light-dark cycle at experimental temperatures for 72 hours; 193 colony diameter was measured on each plate 8 times throughout the experiment to the nearest 194 mm (as average of two perpendicular measurements). Results were expressed as average growth 195 rate in mm/hr. 196
The relationship between temperature and Saprolegnia growth rate was explored using 197 linear regression between average daily colony growth (mm) and temperature. Simple linear 198 regression and 2 nd and 3 rd order polynomial regression model fits were compared using F-tests 199 and Akaike's Information Criterion (Crawley 2013) . 200
Effects of temperature and Saprolegnia infection on E. baikalensis survival and reproduction 201
In summer of 2013, we conducted lab experiments to assess the effect of temperature and 202
Saprolegnia infection on survival and reproduction of E. baikalensis. Fully factorial experiments 203
were conducted with E. baikalensis adult females and nauplii at 5, 10, 15 and 20°C, with and 204 without exposure to Saprolegnia zoospores. E. baikalensis adult females and nauplii used in 205 experiments were collected using slow zooplankton net tows from 50 m depth to the surface at 206 an offshore station (Station #1, Fig. S1 ). Individuals were kept at lake surface water temperature 207 until return to the lab, then transferred to GF/F-filtered Lake Baikal water and live-sorted to 208 obtain enough adult females and nauplii for experiments. Only adult females with well-209 developed, dark ovaries and nauplii of the III-V naupliar stage were selected for the experiment. 210
After sorting, adult females and nauplii were placed in 3-L jars with 2.5 L of GF/F-filtered lake 211 water at ambient surface water temperature and the jars were placed in temperature-controlled 212 chambers at 5, 10, 15 and 20°C for 4 hours to slowly bring animals to experimental 213
temperatures. 214
After the 4-hour acclimation, live adults were transferred into 6-well plates with 6 mL of 215 GF/F-filtered water at experimental temperature in each well (1 individual per well); nauplii 216 were transferred to 24-well plates with 2 mL of GF/F filtered water per well. Plates were divided 217 into 3 groups (18 adults or 24 nauplii per group): a Saprolegnia treatment group and two control 218 groups -a Saprolegnia sporulation medium control group and a "true" control group. Wells in 219
the Saprolegnia treatment group received 0.4 mL/well of Saprolegnia sporulation medium (see 220 below) with active zoospores, aiming for a final concentration of 60 zoospores/mL. Wells in the 221 sporulation medium control group received 0.4 mL/well of filtration-sterilized (triple filtration 222 through 0.2-µm syringe filters) sporulation medium and wells in the "true" control group 223 received 0.4 mL of GF/F-filtered lake water. The sporulation medium control group was used to 224 account for potential negative effects of the sporulation medium or dissolved toxins produced by 225
Saprolegnia on E. baikalensis survival and reproduction. Zoospore production by cultured 226 Saprolegnia was induced using methods similar to those described in Wolinska et al. (2008) . 227
Briefly, 5-mm plugs of agar from fully-colonized Sabourad agar plates were placed in 100 mL of 228 GF/F-filtered and boil-sterilized water at 15°C. The sporulation medium was inspected under a 229 compound microscope for presence of zoospores and replaced every 24 hours until sporangia 230 and live (actively swimming) zoospores were observed. Spore concentrations were determined 231 by counting subsamples of the sporulation medium preserved and stained with Lugol's iodine in 232 a hemocytometer. 233
All experiments were checked at least every 24 hours (more frequently during the first few 234 days of the experiment). The following information was recorded about all adult females at each 235 check: live or dead, presence of visible Saprolegnia growth, presence of egg sack, presence of 236 Saprolegnia hyphae on egg sack, and presence and number of newly hatched nauplii. In 237 experiments with nauplii, we recorded whether individuals were live or dead and whether 238
Saprolegnia hyphae were present. To minimize handling of Epischura and to reduce the 239 possibility of algal overgrowth or algal medium toxicity to E. baikalensis during the experiment, 240 animals were not fed and water was not replaced during experiments. 241
We used parametric survival analysis to assess the effect of Saprolegnia infection status 242 and temperature on the survival of E. baikalensis adults and juveniles. Prior to analysis, we 243 determined whether survival differed significantly between "true" control treatments and 244
Saprolegnia sporulation medium control treatments. No differences in survival between the two 245 controls were found for either adults or juveniles, so we used the data from both controls 246 treatments as the control group for subsequent analyses. Choice of error distribution for survival 247 analysis was assessed using Akaike Information Criterion (AIC) and model comparison 248 Effects of temperature and Saprolegnia exposure on E. baikalensis reproductive parameters 255 were tested using ANOVA (Type III sum of squares) with temperature, infection status and their 256 interaction as predictor variables. The response variables were time from start of the experiment 257 to production of 1 st egg sack, time from egg sack production to hatching of 1 st nauplii, and total 258 number of live nauplii produced per egg sack. Prior to conducting the analysis, we tested 259 whether any of the three response parameters differed significantly between the two control 260 treatments. We found no differences for any of the response variables, so data from both control 261 treatments were used as the control group in subsequent analyses. In the Saprolegnia exposure 262 treatment, we observed that some egg sacks developed visible hyphae and some did not. 263
Consequently, we carried out the statistical analysis twice: once without separating egg sacks in 264
the Saprolegnia treatment based on whether they showed hyphae and once separating them 265 based on this parameter. depth and year. Given the uncertainty associated with sample processing, these data should be 283 interpreted with caution, but still enable some insight into seasonal and depth patterns of 284 infection prevalence. We used these data to examine patterns in the depth distribution of 285 infection prevalence for the 0-500 m layer, seasonal patterns in infection prevalence, and the 286 relationship between surface water temperature and infection prevalence. It is important to point 287 out that infection can only be diagnosed reliably after death, once Saprolegnia hyphae break 288 through the body wall and become visible. Additionally, there is a delay (1-2 days in our 289 experiments) between death and appearance of visible hyphae. Thus, these data provide 290 somewhat indirect and probably conservative estimates of infection prevalence. 291
To assess seasonal patterns in the abundance of E. baikalensis in relation to surface 292 temperature, we analyzed 52 years of the long-term data using generalized additive mixed 293 models (GAMMs). We separated E. baikalensis individuals into juveniles (nauplii and 294 copepodites) and adults, expressing densities as number of individuals per m 2 in the 0-250 m 295 layer. Maximum monthly summer temperatures in the 0-25 m layer were used to classify years 296 as 'cold' (0-10 th percentile), 'cool' (10 th -35 th percentile), 'average '(35 th -65 th percentile), 'warm' 297 (65 th -90 th percentile) and 'hot '. GAMMs of abundance vs. day of year (DOY) were used to fit 298 curves for years in each temperature category, with individual years as a random factor using the 299 'mgcv' package in R (version 1.8-12; Wood 2001). We created separate models for adults and 300 juveniles and, for each age category, separate models for full year abundance (DOY 1-365) and 301 for the period where surface temperatures typically exceed 4°C (DOY 180-320 across the time 302 series), which we defined as the "stratified season". We asked whether there was a significant 303 seasonal variation in densities and whether the pattern of variation differed with year types 304 ('cold', 'cool', etc.). E. baikalensis densities were cube root transformed to satisfy assumptions 305 of normal distribution of residuals and equal variance. 306
We also examined the effect of summer temperatures on E. baikalensis adult and juvenile 307 densities using linear regression analysis. We regressed average "stratified season" (DOY 180-308 320) densities of adults and juveniles (cube root-transformed) against maximum annual surface 309 water (0-25 m layer) temperatures. We also regressed densities of adults and juveniles in fall and 310 early winter (DOY 320-365) against maximum annual temperatures to assess how "stratified 311 season" temperature affected density in the following season. 312
Model: 313
To examine the population-level effects of water temperature and Saprolegnia infection on 314 E. baikalensis, we constructed a population model for E. baikalensis (see supplementary 315
information section for detailed explanation of model; Fig. S2 ). The model included healthy 316 (uninfected) adults, infected adults, healthy juveniles and infected juveniles. The model was 317 parameterized using a combination of experimentally-determined and literature-estimated values 318 for life stage-and infection status-specific mortality (m), reproduction (r), maturation (g), and 319 infection transmission rates (β) (Table 1, supplementary information section). We used long-term 320 surface water (0-25 m) temperature data ) from a pelagic station in Lake Baikal to 321 construct seasonal temperature scenarios representative of 'cold', 'cool', 'average', 'warm' and 322 'hot' years in the pelagic zone (same definitions of temperature categories as in the long-term 323 data analysis). We also used seasonal temperature data to simulate conditions in a warm shallow 324 bay (Proval Bay) and a large, deep bay (e.g., Barguzin or Chivyrkuy Bay). To examine the effect 325 of DVM on E. baikalensis populations under different temperature and infection scenarios, we 326 created models where E. baikalensis spent half of the day in the hypolimnion and models where 327 E. baikalensis were restricted to the epilimnion (as might be the case in shallow regions of the 328 lake). 329
The infection rate parameter (β) is difficult to determine even for well-studied systems, and 330 the choice of β can have large effects on model outcomes (Kirkeby et al. 2017) . Given that the E. 331 baikalensis -Saprolegnia host-parasite relationship has received no study, the choice of the 332 value for β used in the model was difficult. We therefore compared the output of model scenarios 333 parameterized with three different β -temperature functional relationships. The first scenario 334 assumed a temperature-independent β ("temperature-invariant β " scenario). In the other two 335 scenarios β increased with temperature; in one the β -temperature relationship was based on the 336 temperature-specific growth rates of Saprolegnia on agar ("agar β " scenario) and in the second 337 on the change in mortality rates of Saprolegnia-infected E. baikalensis at different temperatures 338 ("mortality β " scenario). Additional details on these scenarios is presented in the supplementary 339 information section. 340
Since our primary interest was to explore the effect of temperature variation on E. 341 baikalensis populations, models were ran only for the duration of the stratified summer season, 342 when surface temperatures were >4°C. This period differed for different temperature scenarios, 343 ranging from DOY 170-330 (Jun. 19-Nov. 27) in the "cold pelagic" scenario to DOY 129-303 344 (May 9-Nov. 1) in the "Proval Bay" (warm water) scenario. 345 346
Results 347
Saprolegnia identification and growth rate 348 COI-and ITS-based phylogenies confirm that the oomycete parasite infecting E. 349 baikalensis belongs to the genus Saprolegnia (Fig. S3 ). Mismatches between phylogenetic 350 relationships and species boundaries (i.e., for several Saprolegnia species, strains of the same 351 species did not form monophyletic groups) make it difficult to unambiguously identify our strain 352 to species level. However, both the single-gene ITS and COI trees and the phylogeny 353 reconstructed from concatenated data (either with IQtree or RaxML) suggest the parasite is 354 closely related to S. diclina (see supplementary information for more detail). 355
Saprolegnia growth rate increased significantly with temperature (simple linear model, 356 R 2 =0.93, p<0.001). A simple linear fit was more parsimonious than 2 nd or 3 rd order polynomials 357 for the temperature -Saprolegnia growth rate relationship, although visual inspection of results 358 suggests that growth rates may have begun reaching a plateau near 25°C (Fig. 2) . 359
Survival of E. baikalensis 360
Temperature and Saprolegnia infection status significantly affected survival rate of E. 361 baikalensis nauplii and adults, with no statistically significant interaction between the two terms 362 (Table 2) . Survival decreased with increasing temperature and exposure to Saprolegnia (Fig. 3 ; 363 Table S1 ). None of the individuals that died in control treatments showed growth of Saprolegnia 364 hyphae after death. In contrast, many individuals that died in the Saprolegnia treatment showed 365 visible growth of Saprolegnia hyphae after death (40% across all temperatures), with the 366 proportion of individuals showing growth of hyphae increasing with temperature (Table 3) . For 367 adult and juvenile individuals that showed Saprolegnia growth after death, the average time 368 between death and visible development of external hyphae averaged 1.26 (±1.26 SD) days across 369 all temperatures (Table 3) . 370
Reproduction of E. baikalensis 371
Temperature and Saprolegnia exposure had different effects on reproductive parameters of 372 E. baikalensis ( Fig. 4 ; Table 4 ; Table S2 ). Time to production of first egg sack was not affected 373
by Saprolegnia exposure and decreased significantly with increasing temperature; however, 374 warming temperature ultimately limited egg production, as no egg sacks were produced at 20°C. 375
Time between egg sack production and hatching was also unaffected by Saprolegnia exposure 376 and decreased significantly from 5°C to 10°C; no eggs produced at 15°C and 20°C hatched. 377
Number of nauplii hatching from egg sacks varied both with temperature and Saprolegnia 378 exposure. Results of analysis differed depending on whether we combined results for all 379
Saprolegnia exposed adults or separated them based on presence of hyphae on egg sacks. When 380 combining results of all Saprolegnia-exposed adults we saw a negative effect of increasing 381 temperature on number of hatched nauplii, a significant positive effect of Saprolegnia exposure 382 on number of hatched nauplii and a significant interaction between the predictors, where the 383 positive effect of Saprolegnia exposure was larger at 5°C than 10°C. When Saprolegnia-exposed 384 individuals were separated based on presence of hyphae on egg sacks, increasing temperature 385 still had a significant negative effect on number of live nauplii, but there were significant 386 differences depending on whether hyphae were present or not on egg sacks of Saprolegnia-387 exposed adults. Egg sacks of individuals exposed to Saprolegnia, but not showing hyphal 388 growth, yielded the most nauplii, followed by egg sacks showing hyphal growth. Egg sacks of 389 control individuals yielded the fewest nauplii. This pattern was not strongly different across 390 temperature (interaction p=0.06). 391
Saprolegnia prevalence in E. baikalensis populations 392
Results from years in which Saprolegnia presence was recorded in the long-term data 393 reveal several patterns related to Saprolegnia infection prevalence (Fig. 5) . First, while the 394 majority of E. baikalensis individuals are concentrated in the top 100 m of the water column, the 395 abundance of visibly Saprolegnia-infected individuals peaks lower in the water column (100-396 150 m), and the prevalence of infected individuals increases with depth ( Fig. 5A-C) . Second, 397
infection prevalence seems to increase with temperature, peaking in late summer and early fall 398 through the year as well as through the stratified season, but without a significant difference in 403 the seasonal pattern of fluctuation between years in different temperature categories (Table S3) . 404
Across all years, E. baikalensis adults increased in abundance through winter and spring, 405 decreasing in abundance after the onset of stratification (Figs. 6, S4). Juvenile E. baikalensis 406 (nauplii and copepodites) also varied in abundance though both the entire year and within just 407 the stratified season, increasing through winter and peaking in summer, later than adult densities 408 (in August). There was a significant difference in the pattern of variation in juvenile densities in 409 years in different temperature categories, with apparently earlier and larger peaks in abundance 410 in warmer than cooler years (Table S3 ; Figs. 6, S4) . 411
Regression analysis showed no significant relationship between maximum annual lake 412 surface temperature and the stratified season abundance of adults (R 2 =0.0, p=0.38) and a weak 413 but significant positive relationship between lake surface temperature and juvenile densities 414 during the stratified season (R 2 =0.11, p=0.02). A similar pattern (Fig. 6 ) occured for the 415 relationship between maximum temperature and fall/early winter densities of adults (R 2 =0.11, 416 p=0.55) and juveniles (R 2 =0.09, p=0.03). 417
Model 418
Our population model generally reproduced the seasonal pattern of E. baikalensis 419 abundance and correctly predicted the timing of peak Saprolegnia prevalence during late scenarios, where E. baikalensis were unable to perform DVM (Fig. 7) . DVM allowed E. 439 baikalensis to persist (albeit at low densities) even under the warmest scenarios. 440
The presence of Saprolegnia had a negative effect on E. baikalensis densities across all 441 temperature scenarios, although the magnitude of the effect varied with the relationship between 442 the infection rate parameter (β) and temperature. The shape of the relationship between β and 443 temperature also had a large effect on modeled infection prevalence. The "temperature-invariant 444 β " scenario predicted the lowest overall infection prevalence of the three scenarios and, unlike 445 the other two scenarios, predicted higher rates of infection prevalence for the lower temperature 446 scenarios. On the other hand, the two scenarios where β increased with temperature ("mortality" 447 and "agar" scenarios) predicted higher overall infection prevalence, as well as a positive 448 relationship between infection prevalence and temperature. The non-linear relationship between 449 β and temperature in the "mortality" scenario resulted in interesting differences for predicted 450 infection prevalence between different temperature scenarios. Under the "mortality" and "agar" β 451 scenarios, infection prevalence could be high, with several scenarios predicting infection of the 452 majority of the population. Interestingly, the scenarios with high infection rate prevalence did not 453 result in dramatically different predictions of E. baikalensis abundance compared to similar 454 temperature scenarios with lower infection rates. 455
Discussion 456
This study provides a detailed description of a previously unstudied host An unexpected finding that contradicts our hypotheses about the impact of Saprolegnia 480 (H3) was the apparent increase in reproductive output (as number of nauplii hatching per egg 481 sack) of E. baikalensis exposed to Saprolegnia (Fig. 4) . We are unsure whether this effect is a 482 function of increased number of eggs per egg sack in Saprolegnia-exposed individuals or of 483 lower egg mortality rates of exposed females. This result is especially surprising given that the 484 few other studies that examined effects of oomycete parasites (Aphanomyces spp.) on freshwater 485 copepods have found high brood mortality associated with parasitism (Burns 1989 Modeling results and comparison to long-term field data 500
Our population model reproduced some aspects of field observations on densities of E. 501 baikalensis and Saprolegnia infection prevalence, providing partial support for our hypothesis 502 that warmer temperatures will have negative population-level impacts on E. baikalensis (H3, 503 H4). There were, however, also important differences between the predictions of our model and 504 field data that contrast with our hypotheses H3 and H4. While all formulations of our model 505 shown to provide a "thermal refuge" for E. baikalensis, allowing it to escape some of the 512 negative effects of warming and persist even under warm conditions (supporting hypothesis H5). 513
Detailed studies of DVM in Lake Baikal (Afanasyeva 1977 ) and other systems (e.g., Haney 514
1988; Hays et al. 2001) show that DVM behaviour of copepods is much more nuanced than 515 simulated in our model, with copepod DVM responding to various cues, including food, light, 516 temperature, and predators and also differing for different life stages. In Lake Baikal, 517 Afanasyeva (1977) showed that E. baikalensis tended to avoid migrating into the upper part of 518 the epilimnion (0-5 m) when its water temperature exceeded 11-14°C. 519
The hypothesis that zooplankton modify their DVM behaviour to maximize fitness while 520 balancing different environmental pressures (including predation, food availability, damage from 521 UV radiation and thermal stress) has received wide support (Haney 1988 and modeling suggests that it may be important in our study system. Saprolegnia growth and 547 lethality increase with temperature, and the ability to spend a portion of the day in the cold 548 hypolimnion may slow the progress of disease in infected individuals. This finding contrasts with 549 some studies on parasites of Daphnia in shallow lakes, where DVM may actually increase 550 infection prevalence by increasing the spatial overlap between hosts and parasites spores, which 551 are concentrated in the hypolimnion (Decaestecker et al. 2002) . Thus, the role of DVM as a 552 refuge from warm-loving parasites likely depends on both the individual thermal tolerances of 553 the host and parasite as well as the route of parasite transmission in the system, possibly being 554 most important in deep lakes or the ocean. 555
Population-level significance of Saprolegnia infection 556
Reports from the Russian-language literature (Kozhov 1963 , Afanasyeva 1977 ) and long-557 term monitoring data suggest that, at least in some years, Saprolegnia can infect and kill a large 558 fraction of the pelagic E. baikalensis population. Despite the potential ecological importance of 559 Saprolegnia in the pelagic ecosystem of Lake Baikal, many questions about the impacts of 560
Saprolegnia on E. baikalensis are unanswered. For example, it is unclear how frequently 561 outbreaks occur. As mentioned earlier, we are unsure whether Saprolegnia presence was 562 recorded systematically in the long-term monitoring data or only during some outbreak years. It 563
is also unclear what triggers Saprolegnia outbreaks. While some authors hypothesized a link to 564 warm temperatures (Kozhov 1963; Afanasyeva 1977) , the years in which Saprolegnia presence 565 was recorded in the long-term data were not unusually warm. The spatial extent and dynamics of 566 Saprolegnia epizootics are also entirely unexplored and are impossible to evaluate with the long-567 term data, since these data come from only one sampling station. Among the most challenging aspects of modeling epizootics is estimation of the 581 transmission rate parameter (β), which includes the movement of parasites among hosts as well 582
as the probability of infection once a host is encountered. Estimating β is a non-trivial task even 583 in well-studied host-parasite systems (Kirkeby et al. 2017) . We had very little information to 584 guide parameterization of β or assess whether β is temperature-dependent. Given this 585 uncertainty, we sought to explore the consequences of varying β and its temperature dependence 586 for E. baikalensis for its heuristic, rather than strictly predictive value. 587
Research on host-parasite interactions in aquatic systems often predicts higher incidence of 588 infection with warmer temperatures (Marcogliese 2008; Karvonen et al. 2010 ). However, this is 589 not always the case; for example, Hall et al. (2006) , showed that interactions between the thermal 590 optima of parasites and their hosts (as well as of host's predators) can result in diverse 591 temperature-infection prevalence relationships. We found that the shape of the β -temperature 592 relationship had large and opposite effects on predicted infection prevalence under different 593 temperature scenarios (Fig. 7) . In a temperature-independent β scenario, the highest rates of 594 infection and greatest negative impacts of Saprolegnia were predicted under the coldest 595 temperature scenarios. This result is a function of the higher densities of susceptible individuals 596 under colder scenarios and density-dependent transmission of Saprolegnia in the model. 597
Interestingly, the highest incidence of infection was still predicted for the warmer periods of the 598
year, likely because of increased temperature-driven mortality of infected individuals. Allowing 599 β to increase with temperature resulted in a different pattern of modeled infection prevalence 600 relative to the "constant-β" scenario. Both the "mortality rate"-and "growth on agar"-based 601 temperature-β relationships predicted higher incidence of infection for the warmer scenarios; the 602 steeper slope of the temperature-β relationship in the latter scenario resulted in higher incidence 603 of infection across all temperature scenarios relative to the "mortality-rate"-based temperature-β 604
relationship. 605
Deciding which of our temperature-β scenarios is more realistic, and hence better simulates 606 the infection processes that occur in Lake Baikal, is difficult. We have shown that the time 607 between exposure and death (and hence ability to release infective zoospores) may decrease with 608 increasing temperature. On the other hand, the sinking of dead individuals prior to zoospore 609 release means that spore maturation and host-seeking may occur in the deep and cold 610 hypolimnion, and hence β would be independent of surface temperature. Given the large 611 differences in prediction of different temperatureβ scenarios, determining which scenario is 612 more realistic will enable better predictions of how Saprolegnia may affect the Lake Baikal 613 ecosystem in the future. 614
Some of the temperature-dependent β scenarios predicted very high infection prevalence by 615 Saprolegnia in the E. baikalensis population. Interestingly, infection-prevalence did not have a 616 linear relationship with the negative effect of the infection. This result is likely because of the 617 non-linear relationships between temperature, infection rates and the mortality rates of infected 618 and uninfected adults and juveniles. These findings suggest an interesting possibility: since 619 infection can only be diagnosed after death, it is possible for a large proportion of the E. 620 baikalensis population to be infected with Saprolegnia without showing strong negative effects 621 under normal temperature conditions, and for the negative impacts to become rapidly manifested 622 during temperature increases. However, we believe this scenario is unlikely to be the norm in 623 Lake Baikal. In dozens of experiments that we conducted with E. baikalensis in 2012 and 2013, 624 the development of Saprolegnia hyphae after death was observed in only a small number of 625 individuals that were not intentionally exposed to Saprolegnia zoospores. Thus, Saprolegnia 626 epizootics are probably an episodic occurrence in the lake rather than a regular feature of the 627 pelagic ecosystem. Additional study is needed to determine the frequency, causes and 628 consequences of Saprolegnia epizootics in the simple pelagic food web of Lake Baikal. 629
Implications in the context of environmental change 630
Lake Baikal is frequently regarded as a unique ecosystem due to its old age, high volume, 631 and notable biodiversity and endemism, yet most of the threats it now faces are not unique 632 Surface temperatures of Lake Baikal have been rising for decades (Shimaraev and 640 Domysheva 2013). Piccolroaz and Toffolon (2018) predict a mean and maximum increase in 641 summer surface temperatures of 1.9 and 4°C for Lake Baikal by the middle of the 21 st century. 642
Our model and long-term monitoring data suggests that the negative effects of this temperature 643 increase may be moderated by the ability of E. baikalensis to fine-tune their DVM behaviour. In summary, our experimental, field and modelling results show a large thermal mismatch 651 between cold-adapted freshwater copepods and their oomycete parasites in Lake Baikal. 652
The negative effects of parasites are shown to vary seasonally and potentially between cold and 653 warm years as the importance of the hot-parasite thermal mismatch varies. Modelling suggests 654 that DVM by E. baikalensis may provide not only more optimal temperature for survival and 655 reproduction but also a potential refuge from the negative effects of parasites. This hypolimnetic 656 refuge may allow populations of E. baikalensis and other cold-loving copepods in lakes and 657 oceans to persist even while surface temperatures rise above the optimum range for these 658 organisms. However, temperature-mediated changes in behavior as well as the presence of 659 asymmetric temperature responses for closely interacting species, such as those considered here, 660
are very likely to alter interaction strengths in food webs with unknown impacts on aquatic 661 resources. 662 and Saprolegnia-exposed (S) groups. 864 from Saprolegnia-exposed adults (Treatment: control vs. Saprolegnia-exposed) and separating 913 Saprolegnia-exposed adults based on whether visible hyphae were present on the egg sack 914
(Treatment: control vs. Saprolegnia-exposed without hyphae vs. Saprolegnia-exposed with 915 hyphae). Tukey HSD codes: 5, 10, 15: temperature (°C) treatments, C: control, S: all 916 Saprolegnia-exposed adults, SN: Saprolegnia-exposed, but no hyphae on egg sack, SH: 917 Saprolegnia-exposed and hyphae present. infection on total abundance of Epischura (adults and juveniles) and percent of individuals 973 infected with Saprolegnia for the stratified period under different temperature scenarios. 974
Temperature scenarios (from coldest to hottest) include cold, cool, average, warm and hot years 975 in the pelagic zone, and typical years in a large bay and a small shallow bay of Lake Baikal. 976
Different colors correspond to different temperature scenarios (blue= coldest, red= warmest 
